Introduction
[2] Surface slip triggered by nearby earthquakes is common on faults in the Salton Trough region of Southern California [Rymer et al., 2002] , a regional pull-apart basin formed at a releasing step over between major right-lateral faults associated with the Pacific and the North American plate boundary (Figure 1 ) [Elders et al., 1972] . The "trough" is filled with sediments mainly from the Colorado River and surrounded by Mesozoic basement rocks and Tertiary volcanic rocks [Dorsey, 2010] . Previous studies have documented triggered slip on faults in the Imperial Valley during more than 8 earthquakes in the last 50 years [Hudnut et al., 1989; Rymer et al., 2002] . Between earthquakes steady surface creep on these faults occurs at rates of a few mm/yr, interrupted by episodic creep events [Rymer et al., 2002; Wei et al., 2009] . Sieh and Williams [1990] infer an association between shallow creep in unconsolidated sediments with inferred high pore pressures. Marone et al. [1991] and Du et al. [2003] provide a theoretical basis for both steady creep and episodic creep events along the respective faults. They show that in response to steady loading, a velocitystrengthening zone in the uppermost 3 km can host creep events, whose occurrence time may be advanced by shaking during the passage of seismic waves.
[3] In this study we document triggered slip on faults in the Imperial Valley associated with the 4 April 2010 El Mayor-Cucapah Mw 7.2 earthquake using radar interferometry (InSAR) imagery, field surveys, and creepmeter data. Co-seismic offsets occurred on more than ten faults in this area. We estimate the depth of the triggered slip on the Superstition Hills Fault using dislocation modeling. We find that the results are consistent with previous inferences that slip extends only through the uppermost few kilometers roughly corresponding to the basement depth (3-5 km) [Wei et al., 2009] . The study illustrates that InSAR is an effective tool for measuring small fault offsets. Finally, we discuss the implications for the long-term slip budget. Comprehensive accounts of triggered slip are potentially important for slip budget analysis in the Imperial Valley region as well as seismic hazard assessment.
Data and Methods
[4] We processed ENVISAT and ALOS InSAR data to study the spatial distribution of slip triggered by the main shock of the 2010 El Mayor-Cucapah earthquake. All InSAR data were processed using GMTSAR, a newly developed software package utilizing Generic Mapping Tools (GMT). The Shuttle Radar Topography Mission (SRTM) Digital Elevation Model [Farr et al., 2007] was used to remove the topographic phase. The best measurements of triggered slip were obtained with 5.6 cm wavelength C-band ENVISAT data, which we found to be less noisy and yielding larger backscatter than the 23.6 cm wavelength L-band ALOS data, especially in the dry lakebed areas such as near the Superstition Hills Fault area. ALOS data were used where either ascending or descending ENVISAT data were unavailable. To maintain the best spatial resolution, all postprocessing was done in the radar coordinates using minimal filtering (Gaussian filter with 0.5 gain at 100 m wavelength). Along each fault where we identified triggered slip from the InSAR data, we extracted phase profiles in several locations of the largest offsets. Each of these profiles is 400 meters wide and 4 km long. We estimated the offset as the difference between the maximum and minimum value in the best fitting curve within 200 m of the fault.
[5] In addition to InSAR observations, we measured offsets in the field on the Superstition Hills Fault (SHF), the San Andreas Fault (SAF) and the Imperial Fault (IF). Abrupt triggered slip with negligible afterslip was recorded by creepmeters on the SHF (23 mm) and the southern SAF (≈5 mm). In these creepmeter data, the slip occurred between two 5-minute samples and was complete by the next sample. The timing coincided with the passage of the seismic waves. Our field survey of the SHF on 9 April, 5 days after the mainshock, revealed surface offsets along more than 10 km of the fault, approximately coincident with the same areas that experienced surface slip during a spontaneous creep episode in 2006 (Figure 2 ) [Wei et al., 2009] . We measured offsets up to 37 mm following the method described by Rymer et al. [2002] and Wei et al. [2009] . On 2 May, 28 days after the mainshock, we conducted a survey of the SAF and IF. Since a portion of the SAF had already been surveyed (M. Rymer, personal communication, 2010) , we searched for cracks along an unsurveyed area between the Salton Sea Park Headquarters and Bat Cave Buttes where the interferograms show small phase discontinuities, and where three creepmeters also indicate significant slip (∼5 mm). The search for fresh cracks was guided by the high-resolution topographic imagery (0.5 m resolution) of the fault trace from the B4 LiDAR survey [Bevis et al., 2005] . We also searched for cracks along two segments of the IF, at E. Harris Road (W115.53905, N32.88366) and E. McCabe Road (W115.42576, N32.75197). Fresh cracks showing mostly extensional motion were observed on these paved roads, whereas-mostly right-lateral with minor extensional motion was mainly observed in the dirt on the sides of these roads (see Tables S1 and S2 of the auxiliary material). 
Results
[6] InSAR data, field measurements and creepmeters revealed triggered slip on the San Andreas, Superstition Hills, Imperial, Elmore Ranch, Wienert, Coyote Creek, Elsinore, Yuha faults, and several minor faults near the northern end of the Laguna Salada Fault (Figure 1 ). For all but three of these faults the dominant fault motion is right-lateral strikeslip. The exceptions are sinistral slip on the northeaststriking Elmore and Yuha faults, and a northeast-striking fault about 10 km southeast of the Yuha Fault (Table 1) . Because the sense of surface displacements agrees with the long-term fault motion, and the radar phase is essentially discontinuous across the fault trace, we concluded that the observed deformation is due to localized fault slip and not a broad response of compliant fault zones to static stress changes [Fialko, 2004] . Because no significant aftershocks occurred on fault segments that slipped during the time period of our observation (4 April-2 May, 2010), we do not attribute any of the observed slip to aftershocks. Creepmeter data confirm that slip was an abrupt step without significant afterslip.
San Andreas Fault
[7] The southern San Andreas Fault is believed to have a high potential for generating a future large earthquake [e.g., Fialko, 2006; Field, 2007] . The seismic moment of such a large earthquake could be reduced by the existence of shallow creep on the SAF triggered by a local or regional event. Triggered slip on this section of the SAF has been observed after numerous nearby earthquakes [Rymer et al., 2002] . Triggered slip associated with the 2010 El MayorCucapah was observed along 35 km of the southern SAF on the Mecca Hills (15 km) and the Durmid Hill (20 km) segments of the fault as defined by Bilham and Williams [1985] . Maximum slip of ∼30 mm was observed in the Mecca Hills in 2010, where ∼20 mm of triggered slip also occurred in association with the 1968 Borrego Mountain and 1992 Landers earthquakes [Rymer, 2000] . Comparable slip was also triggered in the Mecca Hills by the 1986 North Palm Springs, the 1987 Superstition Hills [Williams et al., 1988] , and the 1999 Hector Mine earthquakes [Rymer et al., 2002] . Fault offsets between North Shore and Salt Creek are discontinuous and poorly expressed. In this area no triggered slip was reported due to the Landers [Rymer, 2000] or Hector Mine earthquakes [Rymer et al., 2002] . Creepmeters at Ferrum, Salt Creek and 1 km south of Bat Cave Buttes (Figure 1 ) each recorded about 5 mm of slip, and minor surface cracking consistent with 5 mm of slip could be traced ±1 km of the southern most creepmeter.
[8] We used ALOS descending data and ENVISAT descending data to distinguish horizontal from vertical triggered offsets on the SAF. ENVISAT ascending data was not used because the Mecca Hills, where the greatest slip occurred is out of the scene coverage ( Figure S1 ). Assuming no fault normal displacement, we estimated 32.3 ± 8.1 mm of horizontal motion and 8.8 ± 3.8 mm of vertical motion (SW side down) on the SAF. The assumption of negligible faultnormal displacement is supported locally at two locations on Durmid Hill where experimental fault-normal creepmeters had been installed a few months earlier. At both locations fault-normal displacements were <10% of the horizontal slip, an estimate that is limited in accuracy by knowledge of the local strike of the fault.
Superstition Hills Fault
[9] The SHF has a long history of triggered slip caused by nearby earthquakes in the last several decades [Wei et al., 2009] . For the 2010 earthquake, field measurements and InSAR data show that the entire shallow portion of the Superstition Hills Fault slipped, with a maximum offset of about 37 mm near its southern end. This observation is inconsistent with a model postulating that triggered slip is enhanced at a more distant end of a fault with respect to the seismic source [Fuis, 1982; Rymer et al., 2002] . Slip on the SHF was predominantly right-lateral with minor vertical motion ( Table 1 ). The distribution of offsets along the fault strike is similar to the distribution mapped in 2006 [Wei et al., 2009] (Figure 2c ) as well as to the afterslip following the 1987 event. The similarity of slip patterns in 1987, 2006, and 2010 suggests that all slip is in response to the shallow slip deficit produced by the 1987 earthquake.
[10] We extracted twenty-six InSAR profiles from interferograms across the 25-km-triggered segment of the SHF and converted them to horizontal slip using the known radar incidence angles. The field measurements were binned in the same fashion as the InSAR profiles. The mean value and standard deviation of the binned field measurements provide an estimate of the uncertainties in the field data (Figure 2d ). The comparison shown in Figure 2d illustrates that the InSAR measurements are on average 50% larger than the field measurements. This suggests that a fraction of deformation occurs away from the main trace and probably reflects greater slip on the fault in the subsurface. Overall the generally good agreement between InSAR and field measurements validates InSAR as a tool for measuring small fault offsets.
[11] The broad coverage of the flanks of the fault provided by InSAR also allows one to estimate the depth of the triggered slip. A single profile was extracted and interpreted using an anti-plane dislocation model similar to that of Wei et al. [2009] . The model shows that creep extends to a depth of only 3-4 km ( Figure S2 ), similar to the results obtained from slip data from the 2006 event [Wei et al., 2009] and indicates that triggered slip is confined to the thick sedimentary cover imaged by seismic studies [Fuis et al., 1984] .
Other Faults
[12] In addition to the SAF and SHF, we also quantified triggered slip on the Imperial, Elmore Ranch, Wienert, Coyote Creek, Elsinore, Yuha faults, and three minor faults at the northern end of the Laguna Salada Fault. As with the SAF and SHF, repeated slip occurred on the same sections on the Imperial, Weinert, and Coyote Creek faults ( Figure S3 ). In contrast, this is the first report of triggered slip on the Elmore Ranch Fault (Figures 2a and S1 ) and the Elsinore Fault ( Figure S4 ). This may only be a consequence of these fault segments being remote and hardly accessible for field studies.
[13] Slip was also observed on several minor faults near the town of Ocotillo (Figure 1 ) near the northern end of the 2010 surface rupture zone ( Figure S1 ). These minor faults are in an area that shows small offsets in the interferograms. Two of these minor faults are northwest-striking and likely represent an extension of the Laguna Salada Fault. The two faults slip right-laterally. The one on the west has a horizontal-vertical ratio (HVR) of 33:1 and a maximum horizontal slip of 19.1 mm, whereas the other fault has a significant amount of vertical slip (HVR 3:1) with a maximum horizontal slip of 40 mm. The Yuha Fault and another northeast-striking fault are perpendicular to the Laguna Salada Fault, forming a cross-fault system similar to EF/SHF system. Both northeast-striking faults show left-lateral slip (<40 mm). These two faults were previously unmapped and are not currently included in the USGS or SCEC databases.
Discussion
[14] Surface afterslip on the SHF in the four years following the 1987 M w 6.2 Superstition Hills earthquake amounted to 90 cm [Bilham and Behr, 1992] . Episodic creep events on the SHF in 2006 [Wei et al., 2009] and the 2010 triggered slip observed in this study can be viewed as on-going afterslip because a surface slip deficit remains from the 130 cm co-seismic slip at depth inferred for the 1987 mainshock [Larsen et al., 1992] . We note also that static stress changes due to the El Mayor-Cucapah rupture increased shear stress on the SHF fault. The recorded creep rate on the SHF in the year preceding the 4 April earthquake (0.95 mm/yr) fell to 0.3 mm/yr in the six months following the earthquake, suggesting a complicated time-dependent behavior of shallow creep.
[15] In addition to the 1987 earthquake, in the past 40 years triggered slip has been documented more than seven times on the Superstition Hills fault each with maximum amplitudes of 20-30 mm [Wei et al., 2009, Figure 5] . The accumulated triggered slip on the SHF over the last 40 years thus exceeds 0.16 m, about 16% of the average coseismic slip (1 m) on the fault [Rymer et al., 2002] . Prior to the 1987 earthquake few slip events were recorded and a Caltech creepmeter recorded negligible creep. We assume that creep and triggered slip will continue to release the remaining surface slip deficit on the fault in the interval before the next major earthquake.
[16] A multi-institution study (M. Rymer et al., manuscript in preparation, 2010) documents triggered slip on more than 30 faults in southern California, most of which are in the Yuha Desert. Slip on these faults was not detected by InSAR methods presumably because slip was below the InSAR detection threshold (less than a few mm).
Conclusions
[17] Triggered slip occurred on numerous faults in the Imperial Valley due to the 4 April 2010 El Mayor-Cucapah earthquake: the San Andreas Fault, the Superstition Hills Fault, the Imperial Fault, the Elmore Ranch Fault, the Wienert Fault, the Coyote Creek Fault, the Elsinore Fault, the Yuha Fault, and several sub-faults near the Northern end of the Laguna Salada Fault. The northwest-striking faults all show mainly right-lateral slip. The northeast-striking Yuha Fault, an unnamed fault north of the Laguna Salada Fault, and the Elmore Ranch Fault show predominantly left-lateral slip. The consistency between slip determined by InSAR and field measurements with minor exceptions shows that InSAR is a useful tool in measuring centimeter-scale fault offsets Also, the slip determined by InSAR is on average 50% larger than the slip determined from field measurements, suggesting a fraction of the deformation is away from the main trace. Dislocation modeling of InSAR data from the Superstition Hills Fault shows that triggered slip on the fault was confined to the uppermost 3 km as in previous documented slip events.
